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Purpose: To determine the profile of neurodegeneration in Leber hereditary optic neuropathy (LHON).
Methods: We quantitated serum levels of phosphorylated neurofilament heavy chain (pNF-H) in a Brazilian pedigree of
16 affected patients and 59 carriers with LHON, both molecularly characterized as harboring the G to A mutation at
nucleotide 11,778 of the mitochondrial genome. The association of subject characteristics to pNF-H levels was studied
with multiple regression; pNF-H data were square-root transformed to effect normality of distribution of residuals.
Relationships between the square-root of pNF-H and age and sex were investigated within groups with Pearson correlation
and the two-sample t-test. Linear regression was used to assess the difference between groups and to determine if the
relationship of age was different between affected individuals and carriers. Results of plotting pNF-H levels by age
suggested a nonlinear, quadratic association so age squared was used in the statistical analysis. ANCOVA was used to
assess the influence of age and group on pNF-H levels.
Results: In the carrier group, there was a significant correlation of square-root pNF-H (mean=0.24 ng/ml2) with age
(r=0.30, p=0.022) and a stronger correlation with quadratic age (r=0.37, p=0.003). With a higher mean pNF-H (0.33 ng/
ml2) for the affected group, correlations were of similar magnitude, although they were not statistically significant: age
(r=0.22, p=0.42), quadratic age (r=0.22, p=0.45). There was no correlation between age and pNF-H levels (mean=0.34
ng/ml2) in the off-pedigree group: age (r=0.03, p=0.87), quadratic age (r=0.04, p=0.84). There was no difference between
sexes and pNF-H levels in any of the groups (affected, p=0.65; carriers, p=0.19; off-pedigree, p=0.93).
Conclusions: Elevated pNF-H released into the serum of some affected LHON patients may suggest that axonal
degeneration occurs at some point after loss of visual function. Increases in pNF-H levels of carriers with increasing age,
not seen in off-pedigree controls, may suggest subtle subclinical optic nerve degeneration.
Leber Hereditary Optic Neuropathy (LHON) usually
presents as a bilateral loss of central vision that typically
progresses over weeks to months without pain, until bilateral
central scotomas, dyschromatopsia, and severe visual loss
remain [1–3]. The mean age of onset is in the mid-20s,
although the range is extremely broad. Initially, the optic disc
may be swollen and the peripapillary retinal nerve fiber layer
edematous, then the optic disc atrophies. A common feature
during the acute phase of LHON is peripapillary
microangiopathy, which was first described by Leber in 1871
[4]. Histopathology of end-stage autopsied nerves showed
axonal loss [5] that likely limits spontaneous recovery of
vision. The pattern visual evoked potential is affected in the
early stages of LHON and becomes extinguished at the
atrophic stage, indicating the loss of function of most retinal
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ganglion cells [6,7]. Nevertheless, electroretinograms remain
normal, suggesting the maintenance of photoreceptor cells,
bipolar cells, and the retinal pigment epithelium [8]. Though
LHON is typically monosymptomatic and does not limit life-
span, in early onset cases (2–4 years) other organ systems are
involved, and are characterized by muscle weakness, general
dystonic rigidity, impaired speech and intelligence and short
stature [9–11].
LHON is the most common mitochondrial disease [12].
Almost 20 years ago, it became the first disorder for which a
point mutation in mitochondrial DNA (mtDNA) was linked
to a maternally inherited human disease [13]. Initial molecular
characterization of LHON revealed a G to A transition at
nucleotide 11,778 in mtDNA in the gene specifying the
NADH dehydrogenase subunit 4 (ND4) of complex I,
resulting in an arginine to histidine substitution at amino acid
340 [13]. Since then, approximately 45 other pathogenic point
mutations in human polypeptide-coding mtDNA genes have
been linked to LHON [14]. Still, only three primary mtDNA
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mutations (G3460A, G11778A, and T14484C) account for
95% of LHON cases, with the G11778A mutation being the
most common, accounting for 50% of LHON cases [15,16].
Patients with the G11778A mutation in mtDNA have the
poorest visual prognosis.
Currently, there is no effective therapy for LHON [17] or
for any other disease caused by mutated mtDNA [18].
Experimental approaches, such as recoding mitochondrial
genes in the nuclear genetic code and directing them for
import into mitochondria with a targeting sequence, have
shown promise in rescuing cultured LHON cells [18–21]. One
of the myriad potential problems in applying such promising
experimental treatments to patients with LHON is that it is
unclear when the degeneration of ganglion cells of the retina
and axons of the optic nerve actually begins and when it
becomes irreversible. Optical coherence tomography studies
have detected thinning of the inferior temporal nerve fiber
layer of the retina in asymptomatic carriers with the LHON
mutation [22,23]. This finding suggests that loss of axons may
occur before the visual loss. If so, then intervention may be
needed before optic disc edema sets in, which is seen in LHON
patients at the time of visual loss. A mouse model of LHON
has shown that axonal and retinal ganglion cell (RGC) loss is
not apparent when the optic nerve head is swollen, but that
this axonal and RGC loss is advanced 6 months later [24].
Since heavily phosphorylated axonal form of the
neurofilament heavy chain (pNF-H) has been shown to be a
prospective marker of neurodegeneration [25], we evaluated
serum pNF-H levels in a large Brazilian pedigree [26,27] to
determine the profile of axonal and RGC loss in LHON
patients and asymptomatic carriers of mutated G11778A
mtDNA.
METHODS
Clinical evaluation and molecular characterization: The
families (all from one pedigree) were all recruited from a rural
valley between the cities of Colatina and Santa Teresa, Brazil.
All signed consents and the study was approved of by both the
IRBs of Fed. Univ. of Sao Paulo, Brazil and USC, LA, CA.
There was a separate consent for blood drawing that was then
sent separately and later from Brazil to Los Angeles under the
auspices of Brazilian authorities. Descendants through seven
generations of an Italian female ancestor born in 1861 were
examined by a team of international and Brazilian
neuroophthalmologists and research scientists. Clinical
examinations included a visual acuity test measured with the
EDTRS retro-illuminated “tumbling E” chart and
ophthalmoscopy of the optic nerve head and retina.
Abnormalities of the optic disc included optic atrophy,
microangiopathy or swelling of the optic nerve head. The
diagnosis of LHON was made clinically following complaints
of visual loss in 16 patients, and the presence of G11778A
mtDNA confirmed molecularly from DNA extracted from
white blood cells obtained from peripheral blood. Also
examined were 59 carriers with the responsible mtDNA
mutation, who did not complain of loss of vision. Controls
consisted of the spouses of maternally related individuals
having neither the mtDNA mutation nor any significant visual
problems and male descendents of affected or carrier men.
pNF-H assay: Serum of G11778A LHON carriers and
patients with LHON from a peripheral blood draw in 2005
were coded to mask patient identity. Prior to analysis samples
were thawed out and then centrifuged at 13,000x g in an
Eppendorf centrifuge to pellet out particulate material. The
pNF-H assay was performed essentially as described by Shaw
and coworkers [28]. Recently, the laboratories of Drs. Shaw
and Petzold have independently described pNF-H capture
ELISAs with excellent correlation between the two methods
[29]. In brief, the assay was conducted using wells of
microtiter plates coated overnight with 100 μl of affinity
purified chicken pNF-H capture antibody (EnCor
Biotechnology Inc., Gainesville, FL), diluted about 1:40 in
10 ml 0.05 M carbonate buffer, pH 9.5 to give a final
concentration of 1 μg chicken IgG per ml. The antibody and
carbonate mix was decanted and the plates blocked with
150 μl of 5% nonfat milk in Tris Buffered Saline (TBS) for 1
h. Each plate was washed with 2% nonfat milk in TBS (10 mM
Tris, 150 mM NaCl, pH=7.5) and 0.1% Tween-20 (pH 7.5).
For storage at 4 °C in a sealed damp box, plates were filled
with 50 μl TBS and 0.1% Tween-20 with 1 mM of sodium
azide added as preservative. After washing, a total of 50 μl
standard or 10 μl serum sample plus 40 μl 2% nonfat milk in
TBS and 0.1% Tween-20 were added in duplicate to the plate.
The plates were incubated on a shaker at room temperature
(RT) for 1 h. After washing, 100 μl affinity purified rabbit
anti-pNF-H antibody, at a final concentration of 1 μg/ml in
2% nonfat milk in TBS plus 0.1% Tween-20, was added to
each well and the plate incubated for 1 h at RT. The microtiter
plate was washed and 100 μl alkaline phosphatase–labeled
goat anti-rabbit antibody (Sigma, St. Louis, MO), diluted
1:1000 in TBS, was added and incubated for 1 h at RT. After
a final wash, 100 μl pNP phosphatase substrate in 0.1 M
glycine, 1 mM Mg2+, 1 mM Zn2+ at pH 10.4 was added per
well. The plate was incubated with shaking at RT. The assay
showed low background, and although usable data were
obtained within 15 min, the reactions were allowed to proceed
for 2 h or more. The absorbance was read at a wavelength of
405 nm on a Tecan SpectraFluor ELISA plate reader (Tecan
Group Limited, Durham NC), generally 1 h after addition of
chromogen. The reaction was stopped by adding 50 μl 2M
NaOH per well.
Data analysis: Data analysis was performed using SPSS
statistical software (Chicago, IL). The association of subject
characteristics to pNF-H levels was studied with multiple
regression. The pNF-H data were square-root transformed to
effect normality of distribution of residuals. Relationships
between the square-root of pNF-H and age and sex were
investigated within groups with Pearson correlation and the
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two-sample t-test. Linear regression was used to assess the
difference between groups and to determine whether the
relationship of age was different between affected individuals
and carriers. Including both the carrier and affected
individuals in the same analysis raised the question of what
age was appropriate. We used the age at time of testing for the
carriers and the age of onset for the affected individuals.
Results of plotting pNF-H levels by age suggested a nonlinear,
quadratic association, so age squared was used in the
statistical analysis. ANCOVA was used to assess the influence
of age and group on pNF-H levels.
RESULTS
Clinical profile: The clinical profile of LHON patients is
shown in Table 1. Their average age was 42 years with a range
from 17 to 68 years. The interval between onset of visual loss
and examination ranged from 1 to 33 years, with an average
of 18 years. There was a 7:1 male predominance with 14 men
and two women. The women were the two oldest LHON
patients studied. Visual acuity was poor, ranging from
counting fingers to hand movements. Ophthalmoscopy
revealed optic atrophy in all patients.
The clinical profile of carriers with mutated mtDNA is
shown in Appendix 1. Their average age was 36 years, with a
range from 8 to 65 years. There was a 2:1 female
predominance with 40 women and 19 men. While visual
acuity ranged from 20/20 to counting fingers, most carriers
had good vision with a mean visual acuity of 0.109 for the
right eyes and 0.107 for the left eyes (ETDRS logMAR
charts). We found 23 patients had abnormal ophthalmoscopy
with either swelling of the nerve fiber layer, hyperemia,
microangiopathy, or pallor of the optic nerve head. There were
17 men and 22 women in the off-pedigree control group. Their
average age was 39 years. They had no ocular diseases.
pNF-H titers: Figure 1 shows plots of square-root pNF-H
(Figure 1A) and pNF-H (Figure 1B) in affected individuals
and carriers by decade of age. In the carrier group there was
a significant correlation of square-root pNF-H with age
(r=0.30, p=0.022) and a stronger correlation with quadratic
age (r=0.37, p=0.003). Correlations were of similar magnitude
but not statistically significant in the smaller affected group:
age (r=0.22, p=0.42), quadratic age (r=0.22, p=0.45). There
was no correlation between age and pNF-H levels in the off-
pedigree group: age (r=0.03, p=0.87), quadratic age (r=0.04,
p=0.84). There was no difference between sexes in pNF-H
levels in any of the groups (affected, p=0.65; carriers, p=0.19;
off-pedigree, p=0.93)
Quadratic age was significantly correlated with square-
root of pNF-H (p=0.012), and the affected group was elevated
above the carrier group (p=0.044). The association of
quadratic age in carriers and affected groups was not
significantly different (p=0.80, test of group by age
interaction). This relationship is displayed in Figure 1. Off-
pedigree individuals displayed no evidence of this
relationship, and they had pNF-H measurements that were
comparable to those of affected individuals.
DISCUSSION
We have shown here that phosphorylated neurofilament
heavy chain appears to be a marker of neurodegeneration in
affected LHON patients relative to asymptomatic carriers
with mutated mtDNA. Neurofilaments are major components
of the axonal cytoskeleton that consist of 3 major subunits: a
light (NF-L), medium (NF-M), and heavy (NF-H) chain. They
are released into the bloodstream with axonal disruption, and
TABLE 1. CLINICAL PROFILE OF LHON PATIENTS
Age                              Age                            VA VA Disc Disc
M 38 * CF CF pale pale
M 48 48 CF CF pale pale
M 43 21 CF CF pale pale
M 18 14 CF CF pale pale
M 24 18 CF CF pale pale
M 27 *
F 68 35 CF CF pale pale
F 62 31 HM HM pale pale
M 50 25 CF CF pale pale
M 41 32 CF CF pale pale
M 46 35 CF CF pale pale
M 17 16 CF CF pale pale
M 35 13 CF CF pale pale
M 52 30 HM HM pale pale
M 59 40 CF CF pale pale
M 48 41 CF CF pale pale
The asterisk indicates missing data. This table describes the summary of sex, age at the time of examination, age of onset of
visual loss, visual acuity, and optic disc appearance at the time of examination of LHON patients.
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(examination) (onset)Sex OD ODOS OS
the heavily phosphorylated axonal form of NF-H, pNF-H, has
a collection of unusual properties that render it resistant to
proteases and relatively easy to detect with ELISA and other
antibody-based assays. That the heavy chain breakdown
product was detectable decades after visual loss may suggest
that the optic nerve neurodegeneration of LHON may be a
lifelong process. This is supported by histopathologic and
ultrastructural studies of autopsied LHON patients that show
axons of the optic nerve in various stages of degeneration, in
addition to the virtually complete axonal loss of the
papillomacular bundle [5,30]. Unfortunately, here we were
unable to obtain blood samples from patients when they
initially lost vision. Still the single sample obtained from a
patient within the first year of visual loss revealed
undetectable levels of pNF-H. This may suggest that
irreversible anatomic axonal injury may not present at the time
of acute visual loss in some LHON patients.
Parallels of our patients with the LHON animal model
reveal the optic disc edema characteristic of acute visual loss
is not immediately associated with any significant loss of
axons or their neuronal cell bodies [24]. These experimental
findings together with the lack of pNF-H elevation in the
single LHON patient examined during the first year of visual
loss suggest that axonal loss in patients with acute LHON and
disc edema has not yet occurred to any significant degree.
Moreover, increased blood levels of pNF-H in some LHON
patients suggest not all axons are lost but a number are still
undergoing degeneration even many years after visual loss.
These findings may suggest the potential of a longer window
of opportunity for therapeutic intervention than is currently
believed. Still, it must be pointed out that a purported
neuroprotectant, brimonidine, was not demonstrated to be
effective in preventing loss of vision even when administered
topically before significant visual loss during the period of
disc edema [17].
The increasing pNF-H blood levels with age of LHON
carriers and reactive oxygen species found in the optic nerve
of the LHON mouse [24] suggest that accumulating oxidative
injury contributes to the neurodegeneration associated with
mutated mtDNA. These findings point to two potential
avenues of intervention in the disease process. First,
antioxidant gene therapy may be useful to rescue patients with
LHON from the axonal and neuronal injury responsible for
persistent loss of vision [31]. Though it had no counterpart in
human disease, rescue of an animal model of complex I
deficiency induced by the NDUFA1 ribozyme with a gene that
neutralizes reactive oxygen species (mitochondrial
superoxide dismutase) proved that in that model system,
suppression of reactive oxygen species inhibited death of
retinal ganglion cells, a phenomenon that we showed in the
LHON animal model is also involved in the pathogenesis of
neurodegeneration caused by the mutant human ND4 complex
I subunit gene [24]. Second, complementation of the defective
ND4 subunit gene with the normal ND4 gene holds promise
as an alternate way to treat LHON. We and others have used
allotopic complementation with wild-type human ND4 to
rescue cultured LHON cells [19,21]. That allotopic expression
can rescue complex I deficiency in vivo was proven in a
murine model of Parkinson disease. Rather than
complementing the defective 8 kDa complex I subunit [32]
with a human gene, the investigators used the AAV vector to
deliver the single-subunit NADH dehydrogenase (NDI1) of
yeast (Saccharomyces cerevisiae) [33]. Despite the marked
mismatch in the amino acid sequence and size of the yeast
relative to the murine complex I, a 50% rescue of complex I
activity was seen in their mice. They have also used the yeast
NDI1 to rescue complex I deficiency in a mutant ND4 cell line
Figure 1. pNF-H levels versus age. Plots of the square root of pNF-
H (ng/ml2; A) and pNF-H (ng/ml; B) show that pNF-H levels increase
with advancing age of carriers and affected patients but not in the
off-pedigree control group.
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[34]. While other experimental approaches such as importing
genes from other species, changing the ratio of heteroplasmy
with specific restriction endonucleases, selecting for
respiratory function or regeneration (in muscle), none of these
techniques are directly applicable to the treatment of LHON
caused by 100% mutated mtDNA [20,35]. Whether allotopic
complementation or antioxidant gene therapy is effective in
treating or preventing LHON remains to be determined.
In LHON it is unclear when the degeneration of ganglion
cells of the retina and axons of the optic nerve actually begins
and when it becomes irreversible. In other diseases, optical
coherence tomography has revealed loss of axons in optic
neuritis and multiple sclerosis (MS) patients, but could not
detect neurodegeneration until after axons were gone, 3–6
months after acute visual loss [36]. In contrast, serum titers of
pNF-H have been shown to be a prospective marker of
neurodegeneration in optic neuritis and multiple sclerosis
patients [37–39]. In those patients, elevated pNF-H titers
carried a poor visual prognosis as was also the case with our
LHON patients, who had been followed clinically for 5 years
and had exhibited no evidence for visual recovery. Whether
asymptomatic carriers with elevated pNF-H titers will
progress to full blown LHON is unclear. In MS, cerebrospinal
fluid pNF-H levels increased in those with primary or
secondary progressive disease, but in those with relapsing
remitting disease pNF-H titers were elevated acutely and
decreased later [40]. These findings suggest that the patterns
of neurodegeneration differ, even in a single disease such as
MS. This may also be the case for LHON. Currently, the
prognosis for asymptomatic family members with mutated
mtDNA is unclear, despite many studies that have looked for
additional genetic markers and environmental factors [27,41–
43]. It will be intriguing to follow asymptomatic carriers using
the pNF-H assay to determine whether the increases with
advancing age will progress to frank disease or whether the
progression of neurodegeneration in carriers progresses too
slowly to advance beyond the threshold of clinical visual loss
in their lifetime.
ACKNOWLEDGMENTS
We thank Mabel Wilson for her expertise in editing of the
manuscript. This work was supported by EY018600–01 and
1R01EY017141–01A2 (J.G.). EY014801 (core center grant)
IFOND and an unrestricted grant from Research to Prevent
Blindness. Dr. Shaw holds equity in EnCor Biotechnology
Inc., a company commercializing antibodies and assays used
in this publication, and may benefit from sales and equity
growth.
REFERENCES
1. Howell N. Leber hereditary optic neuropathy: mitochondrial
mutations and degeneration of the optic nerve. Vision Res
1997; 37:3495-507. [PMID: 9425526]
2. Stone EM, Newman NJ, Miller NR, Johns DR, Lott MT,
Wallace DC. Visual recovery in patients with Leber's
hereditary optic neuropathy and the 11778 mutation. J Clin
Neuroophthalmol 1992; 12:10-4. [PMID: 1532593]
3. Brown MD, Trounce IA, Jun AS, Allen JC, Wallace DC.
Functional analysis of lymphoblast and cybrid mitochondria
containing the 3460, 11778, or 14484 Leber's hereditary optic
neuropathy mitochondrial DNA mutation. J Biol Chem 2000;
275:39831-6. [PMID: 10976107]
4. Leber T. Über hereditare und congenital-angelegete
Sehnerverleiden. Graefe's Archiv für klinische und
experimentelle Opthalmologie 1871; 7:249-71.
5. Sadun AA, Win PH, Ross-Cisneros FN, Walker SO, Carelli V.
Leber's hereditary optic neuropathy differentially affects
smaller axons in the optic nerve. Trans Am Ophthalmol Soc
2000; 98:223-32. [PMID: 11190025]
6. Thieme H, Wissinger B, Jandeck C, Christ-Adler M, Kraus H,
Kellner U, Foerster MH. A pedigree of Leber's hereditary
optic neuropathy with visual loss in childhood, primarily in
girls. Graefes Arch Clin Exp Ophthalmol 1999; 237:714-9.
[PMID: 10447644]
7. Carroll WM, Mastaglia FL. Leber's optic neuropathy: a clinical
and visual evoked potential study of affected and
asymptomatic members of a six generation family. Brain
1979; 102:559-80. [PMID: 497804]
8. Riordan-Eva P, Sanders MD, Govan GG, Sweeney MG, Da
Costa J, Harding AE. The clinical features of Leber's
hereditary optic neuropathy defined by the presence of a
pathogenic mitochondrial DNA mutation. Brain 1995;
118:319-37. [PMID: 7735876]
9. Bruyn GW, Bots GT, Went LN, Klinkhamer PJ. Hereditary
spastic dystonia with Leber's hereditary optic neuropathy:
neuropathological findings. J Neurol Sci 1992; 113:55-61.
[PMID: 1469456]
10. Shoffner JM, Brown MD, Stugard C, Jun AS, Pollock S, Haas
RH, Kaufman A, Koontz D, Kim Y, Graham JR. Leber's
hereditary optic neuropathy plus dystonia is caused by a
mitochondrial DNA point mutation. Ann Neurol 1995;
38:163-9. [PMID: 7654063]
11. Meire FM, Van Coster R, Cochaux P, Obermaier-Kusser B,
Candaele C, Martin JJ. Neurological disorders in members of
families with Leber's hereditary optic neuropathy (LHON)
caused by different mitochondrial mutations. Ophthalmic
Genet 1995; 16:119-26. [PMID: 8556281]
12. Chinnery PF, Johnson MA, Wardell TM, Singh-Kler R, Hayes
C, Brown DT, Taylor RW, Bindoff LA, Turnbull DM. The
epidemiology of pathogenic mitochondrial DNA mutations.
Ann Neurol 2000; 48:188-93. [PMID: 10939569]
13. Wallace DC, Singh G, Lott MT, Hodge JA, Schurr TG, Lezza
AM, Elsas LJ 2nd, Nikoskelainen EK. Mitochondrial DNA
mutation associated with Leber's hereditary optic neuropathy.
Science 1988; 242:1427-30. [PMID: 3201231]
14. Mayorov V, Biousse V, Newman NJ, Brown MD. The role of
the ND5 gene in LHON: characterization of a new,
heteroplasmic LHON mutation. Ann Neurol 2005;
58:807-11. [PMID: 16240359]
15. Esposito LA, Melov S, Panov A, Cottrell BA, Wallace DC.
Mitochondrial disease in mouse results in increased oxidative
stress. Proc Natl Acad Sci USA 1999; 96:4820-5. [PMID:
10220377]
16. Carelli V, Ghelli A, Bucchi L, Montagna P, De Negri A, Leuzzi
V, Carducci C, Lenaz G, Lugaresi E, Degli Esposti M.
Molecular Vision 2008; 14:2443-2450 <http://www.molvis.org/molvis/v14/a281> © 2008 Molecular Vision
2447
Biochemical features of mtDNA 14484 (ND6/M64V) point
mutation associated with Leber's hereditary optic neuropathy.
Ann Neurol 1999; 45:320-8. [PMID: 10072046]
17. Newman NJ, Biousse V, David R, Bhatti MT, Hamilton SR,
Farris BK, Lesser RL, Newman SA, Turbin RE, Chen K,
Keaney RP. Prophylaxis for second eye involvement in leber
hereditary optic neuropathy: an open-labeled, nonrandomized
multicenter trial of topical brimonidine purite. Am J
Ophthalmol 2005; 140:407-15. [PMID: 16083844]
18. DiMauro S, Mancuso M. Mitochondrial diseases: therapeutic
approaches. Biosci Rep 2007; 27:125-37. [PMID: 17486439]
19. Guy J, Qi X, Pallotti F, Schon EA, Manfredi G, Carelli V,
Martinuzzi A, Hauswirth WW, Lewin AS. Rescue of a
mitochondrial deficiency causing Leber hereditary optic
neuropathy. Ann Neurol 2002; 52:534-42. [PMID:
12402249]
20. Bayona-Bafaluy MP, Blits B, Battersby BJ, Shoubridge EA,
Moraes CT. Rapid directional shift of mitochondrial DNA
heteroplasmy in animal tissues by a mitochondrially targeted
restriction endonuclease. Proc Natl Acad Sci USA 2005;
102:14392-7. [PMID: 16179392]
21. Bonnet C, Kaltimbacher V, Ellouze S, Augustin S, Bénit P,
Forster V, Rustin P, Sahel JA, Corral-Debrinski M. Allotopic
mRNA localization to the mitochondrial surface rescues
respiratory chain defects in fibroblasts harboring
mitochondrial DNA mutations affecting complex I or v
subunits. Rejuvenation Res 2007; 10:127-44. [PMID:
17518546]
22. Savini G, Bellusci C, Carbonelli M, Zanini M, Carelli V, Sadun
AA, Barboni P. Detection and quantification of retinal nerve
fiber layer thickness in optic disc edema using stratus OCT.
Arch Ophthalmol 2006; 124:1111-7. [PMID: 16908813]
23. Barboni P, Savini G, Valentino ML, Montagna P, Cortelli P, De
Negri AM, Sadun F, Bianchi S, Longanesi L, Zanini M, de
Vivo A, Carelli V. Retinal nerve fiber layer evaluation by
optical coherence tomography in Leber's hereditary optic
neuropathy. Ophthalmology 2005; 112:120-6. [PMID:
15629831]
24. Qi X, Sun L, Lewin AS, Hauswirth WW, Guy J. The mutant
human ND4 subunit of complex I induces optic neuropathy
in the mouse. Invest Ophthalmol Vis Sci 2007; 48:1-10.
[PMID: 17197509]
25. Petzold A. Neurofilament phosphoforms: surrogate markers for
axonal injury, degeneration and loss. J Neurol Sci 2005;
233:183-98. [PMID: 15896809]
26. Sadun AA, Carelli V, Salomao SR, Berezovsky A, Quiros P,
Sadun F, DeNegri AM, Andrade R, Schein S, Belfort R. A
very large Brazilian pedigree with 11778 Leber's hereditary
optic neuropathy. Trans Am Ophthalmol Soc 2002;
100:169-78. [PMID: 12545691]
27. Sadun AA, Carelli V, Salomao SR, Berezovsky A, Quiros PA,
Sadun F, DeNegri AM, Andrade R, Moraes M, Passos A,
Kjaer P, Pereira J, Valentino ML, Schein S, Belfort R.
Extensive investigation of a large Brazilian pedigree of
11778/haplogroup J Leber hereditary optic neuropathy. Am J
Ophthalmol 2003; 136:231-8. [PMID: 12888043]
28. Shaw G, Yang C, Ellis R, Anderson K, Parker Mickle J, Scheff
S, Pike B, Anderson DK, Howland DR. Hyperphosphorylated
neurofilament NF-H is a serum biomarker of axonal injury.
Biochem Biophys Res Commun 2005; 336:1268-77. [PMID:
16176808]
29. Petzold A, Shaw G. Comparison of two ELISA methods for
measuring levels of the phosphorylated neurofilament heavy
chain. J Immunol Methods 2007; 319:34-40. [PMID:
17140597]
30. Carelli V, Sadun AA. Optic neuropathy in Lhon and Leigh
syndrome. Ophthalmology 2001; 108:1172-3. [PMID:
11425664]
31. Qi X, Lewin AS, Sun L, Hauswirth WW, Guy J. SOD2 gene
transfer protects against optic neuropathy induced by
deficiency of complex I. Ann Neurol 2004; 56:182-91.
[PMID: 15293270]
32. Keeney PM, Xie J, Capaldi RA, Bennett JP Jr. Parkinson's
disease brain mitochondrial complex I has oxidatively
damaged subunits and is functionally impaired and
misassembled. J Neurosci 2006; 26:5256-64. [PMID:
16687518]
33. Seo BB, Nakamaru-Ogiso E, Flotte TR, Matsuno-Yagi A, Yagi
T. In vivo complementation of complex I by the yeast Ndi1
enzyme. Possible application for treatment of Parkinson
disease. J Biol Chem 2006; 281:14250-5. [PMID: 16543240]
34. Bai Y, Hájek P, Chomyn A, Chan E, Seo BB, Matsuno-Yagi A,
Yagi T, Attardi G. Lack of Complex I Activity in Human Cells
Carrying a Mutation in MtDNA- Encoded ND4 Subunit is
Corrected by the Saccharomyces cerevisiae NADH- Quinone
Oxidoreductase (NDI1) Gene. J Biol Chem 2001;
276:38808-13. [PMID: 11479321]
35. DiMauro S, Hirano M, Schon EA. Approaches to the treatment
of mitochondrial diseases. Muscle Nerve 2006; 34:265-83.
[PMID: 16810684]
36. Costello F, Coupland S, Hodge W, Lorello GR, Koroluk J, Pan
YI, Freedman MS, Zackon DH, Kardon RH. Quantifying
axonal loss after optic neuritis with optical coherence
tomography. Ann Neurol 2006; 59:963-9. [PMID: 16718705]
37. Petzold A, Baker D, Pryce G, Keir G, Thompson EJ,
Giovannoni G. Quantification of neurodegeneration by
measurement of brain-specific proteins. J Neuroimmunol
2003; 138:45-8. [PMID: 12742652]
38. Petzold A, Rejdak K, Plant GT. Axonal degeneration and
inflammation in acute optic neuritis. J Neurol Neurosurg
Psychiatry 2004; 75:1178-80. [PMID: 15258226]
39. Petzold A, Eikelenboom MI, Keir G, Polman CH, Uitdehaag
BM, Thompson EJ, Giovannoni G. The new global multiple
sclerosis severity score (MSSS) correlates with axonal but not
glial biomarkers. Mult Scler 2006; 12:325-8. [PMID:
16764346]
40. Petzold A, Eikelenboom MJ, Keir G, Grant D, Lazeron RH,
Polman CH, Uitdehaag BM, Thompson EJ, Giovannoni G.
Axonal damage accumulates in the progressive phase of
multiple sclerosis: three year follow up study. J Neurol
Neurosurg Psychiatry 2005; 76:206-11. [PMID: 15654034]
41. Bu XD, Rotter JI. X chromosome-linked and mitochondrial
gene control of Leber hereditary optic neuropathy: evidence
from segregation analysis for dependence on X chromosome
inactivation. Proc Natl Acad Sci USA 1991; 88:8198-202.
[PMID: 1896469]
42. Cock HR, Tabrizi SJ, Cooper JM, Schapira AH. The influence
of nuclear background on the biochemical expression of 3460
Molecular Vision 2008; 14:2443-2450 <http://www.molvis.org/molvis/v14/a281> © 2008 Molecular Vision
2448
Leber's hereditary optic neuropathy. Ann Neurol 1998;
44:187-93. [PMID: 9708540]
43. Tsao K, Aitken PA, Johns DR. Smoking as an aetiological factor
in a pedigree with Leber's hereditary optic neuropathy. Br J
Ophthalmol 1999; 83:577-81. [PMID: 10216058]
Molecular Vision 2008; 14:2443-2450 <http://www.molvis.org/molvis/v14/a281> © 2008 Molecular Vision
2449
Appendix 1. Clinical profile of carriers
To access the data, click or select the words “Appendix
1.” This will initiate the download of a compressed (pdf)
archive that contains the file. The asterisk indicates missing
data. This appendix describes the summary of sex, age at the
time of examination, age of onset of visual loss, visual acuity,
and optic disc appearance at the time of examination of
asymptomatic carriers with G11778A mutated mtDNA.
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